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Characterizing plant functional diversity is essential to decipher community assem-
bly rules and ecosystem functioning. Most studies focused on above-ground traits 
whereas the analysis of root diversity lags far behind. We analyzed the structure of 
fine root (< 2 mm) diameter distribution at the community level as an indicator of 
root morphological diversity, and hypothesized that the shape of the distribution pro-
vide insights on root types and root exploration strategies. We tested this hypothesis 
along a successional gradient (6–69 year-old) with yearly mowing to better understand 
assembly rules regarding to belowground processes, and explored the relations between 
the parameters describing its modes and the vegetation composition and ecological 
properties of plant communities. Most communities showed a multimodal distribu-
tion, with two main modes corresponding to absorptive roots (thinner root mode) 
and transport roots (coarser root mode), and a third mode of lower importance cor-
responding to large transport roots. In early succession, the thinnest root mode was 
prominent, reflecting the dominance of thin absorptive roots and a low proportion of 
transport roots, resulting in a low root morphological diversity. As succession proceeds, 
the relative proportion of the second mode increased, and the proportions of the two 
main modes were more balanced, resulting in an increased variance and root morpho-
logical diversity. Furthermore, the first root mode (absorptive roots) became wider and 
shifted from very thin to thicker roots, suggesting the coexistence of various root strat-
egies for resource exploration. Yearly mowing did not affect root diameter distribution, 
which may relate to the relative low mowing pressure that enabled woody species to 
remain, with stunted stature. Overall, our study demonstrates that the distribution of 
fine root diameters sheds light on root morphological diversity at the community level, 
and provide hints on the co-existence of root types and strategies for resource use and 
exploration.
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Introduction

Characterizing plant functional diversity is essential to under-
stand community assembly rules (Bruelheide et al. 2018) and 
ecosystem functioning (Zirbel et al. 2017). Plant traits have 
been widely used to assess functional diversity at the commu-
nity level (Garnier et al. 2004, Gross et al. 2007, Buzzard et al. 
2016). However, most studies focused on above-ground traits, 
whereas the assessment of root trait diversity lags far behind 
(Barkaoui et al. 2016). One reason for that lies in the meth-
odological difficulties to identify and separate roots in plant 
communities, in order to measure root traits at the individual 
level (Freschet et al. 2021a). To start filling this gap of knowl-
edge, we used fine root diameter distribution at the com-
munity level as an indicator of root morphological diversity, 
which is one aspect of root functional diversity.

Fine roots (< 2 mm) diameter play a key role in plant 
(Ryser and Lambers 1995, Comas and Eissenstat 2004, 
Gregory 2006) and ecosystem functioning (Wardle et al. 
1998, Birouste et al. 2012) due to their multifunctionality 
(Weemstra et al. 2016, Laliberté 2017, Freschet et al. 2021a). 
They have a hierarchical organization that consists in differ-
ent root orders with varying diameters and functions. The 
most distal and thinner two or three root orders are involved 
in resource acquisition and uptake (so called ‘absorptive 
roots’, McCormack et al. 2015). The higher-order roots are 
coarser and mainly involved in water and nutrient transport 
(so called ‘transport roots’, McCormack et al. 2015). The 
hierarchical organization of the root system at the individual 
level typically translates into a skewed distribution of root 
length in different diameter classes, with either a single mode 
(unimodal distribution; Scanlan and Hinz 2010, Ryser et al. 
2011, Caplan et al. 2019), two modes (bimodal distribu-
tion; Boot and Mensink 1990, Eissenstat 1991, Ryser and 
Lambers 1995, Bouma et al. 2000, Anderson et al. 2007, 
Roumet et al. 2016, Bodner et al. 2019), three modes or more 
(multimodal distribution; Blouin et al. 2007, Zobel et al. 
2013, Roumet et al. 2016). The modes represent different 
root orders (Liu et al. 2018) or root types (absorptive versus 
transport; Fig. 1A). The first to third root orders that represent 
the absorptive roots usually group in one mode with a low 
average root diameter (M1), whereas the higher root orders, 
which represent the transport roots, group in one or several 
modes that show larger average root diameters (M2; Fig. 1A). 
Several studies have attempted to define metrics character-
izing root diameter distribution at the individual level, and 
considered either the whole distribution (Caplan et al. 2019) 
or the various modes of the distribution (Anderson et al. 
2007) in terms of shape, notably mean (M), standard devia-
tion (SD) and relative proportions (P) of individual modes 
(Anderson et al. 2007; Fig. 1).

The root diameter distribution differs across life forms 
(Scanlan and Hinz 2010, Freschet et al. 2017, Ma et al. 
2018) and species (Roumet et al. 2016, Caplan et al. 2019, 
Bodner et al. 2019). For example, grass species with a her-
ringbone branching system and no secondary growth usu-
ally have a unimodal distribution (Fig. 1A) with a low mean 

value (M1, Fig. 1B), because most root length is composed of 
very thin and short-lived absorptive roots (McCormack et al. 
2015), which allow dynamic exploration of the soil volume. 
Conversely, forbs, shrubs and trees show a more dichotomous 
branching system with several root orders and usually show a 
bimodal distribution representative of absorptive and trans-
port roots, respectively (Fig. 1A, Liu et al. 2018). For woody 
species, the lower order and thinner roots usually forms a 
dominant mode (high P1) reflecting the absorptive roots, and 
the higher order and coarser root modes show a lower rela-
tive proportion (P2), and reflect transport roots (Wahl and 
Ryser 2000; Fig. 1A–B). In addition, the mean value (M1′) 
of the absorptive root mode is generally higher than in grass 
species (M1′ > M1), which reflects coarser and longer-lived 
absorptive roots (Fitter et al. 2002, Shao et al. 2019; Fig. 1B) 
foraging resources in a given soil volume over a longer period.

At the species level, the distribution of root diameter 
can also reflect plastic adaptations along a gradient of abi-
otic environmental filtering (Fig. 1C). For example, a 
shift toward higher diameters was observed in response to 
increased nutrient availability for grass species (M1'' > M1, 
Ryser and Lambers 1995). In the same vein, several studies 
have tested changes in root system morphology of a given 
species in response to 1) abiotic filters, such as water and 
nutrient availability (Kuchenbuch et al. 2006) and soil tex-
ture (Anderson et al. 2007), 2) disturbances, such as tillage 
(Pagliai and Nobili 1993, Qin et al. 2004) and 3) biotic 
changes, such as defoliation (Anderson et al. 2007). However, 
no study has addressed changes in root diameter distribution 
at the community level in response to changing environmen-
tal filtering. More generally, no study has addressed whether 
the diameter modes reflecting a functional hierarchy within 
species would translate to analogous differentiation and mul-
timodality at the community level.

The root diameter distribution within a soil sample taken 
from a plant community should provide an integrative pic-
ture of the coexistence of root types and resource exploration 
strategies, encompassing intra-individual, intraspecific and 
interspecific variations within the community. First, we posit 
that the existence of separable modes should reveal a func-
tional differentiation of roots at community-level. In par-
ticular, we expected that unimodal distributions reflect lower 
root morphological diversity and the predominance of one 
root morphological type. By contrast, multi-modal distribu-
tions should indicate a higher root morphological diversity 
that reflect a combination of several root types and a greater 
niche partitioning (Fig. 1D). Second, we expect that the 
width of a mode reflects the diversity of root strategies within 
each root mode. The narrower it is, the most constrained is 
the variability within the given root type. Third, we posit that 
the relative importance of the modes (P) inform about the 
relative importance of the different root types at the com-
munity level (Fig. 1E).

Our objective was to investigate root diameter distribu-
tions at the community level in varying environmental con-
ditions to address how it captures the root morphological 
diversity stemming from plant assembly dynamics. We tested 
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changes in community-level root diameter distribution along 
a successional gradient with and without yearly mowing, and 
assessed how the variations in parameters of root distribu-
tion could relate to vegetation composition and other eco-
logical properties at community level. Whereas directional 
changes in average root traits are known (Holdaway et al. 
2011, Erktan et al. 2018, Caplan et al. 2019), very little is 
known about root diversity and complementarity in root 
types and exploration strategies as succession proceeds. 
Usually, successional gradients are characterized by a decrease 
in nutrient availability and an increase in competition for 
resources (Tilman 1985), associated with the replacement of 
ruderal species by stress-tolerant and/or competitive species 

(Navas et al. 2010). Along the succession, average root traits 
points a shift from fine roots characterized by low average 
root diameter, high specific root length, low root dry matter 
content and low root carbon content that suggest a dynamic 
exploration of soils resources, to roots with opposite trait syn-
dromes (Erktan et al. 2018, Caplan et al. 2019). We expected 
that root morphological diversity should increase along the 
succession due to the replacement of ruderal species by a 
mixture of stress-tolerant and competitive species with con-
trasting root morphologies. Finally, previous studies showed 
a limited effect of annual mowing on average root traits at 
the community level (Erktan et al. 2018), but in some cases 
(Caplan et al. 2019), mowing allowed to maintain ruderal 

Figure 1. Overview of the insights brought by the study of root diameter distribution at the species level and how it can be upscaled to the 
community level. Mx, SDx and Px are the average root diameter, the standard deviation and the relative proportion of the mode x, respec-
tively. M1′ and M1″ indicate variations in the average value of M1 related to interspecific variations (M1′) or plasticity (M1″). In the lower 
panel, dotted lines represents the fine root diameter distribution of the individual species that make up the model community, and the bold 
continuous black line represents the fine root diameter distribution of the resulting model community.
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species in later successional stages. As such, we expected 
that mowing increases root morphological diversity in late 
successional stages leading to a multimodal root diameter 
distribution.

Material and methods

Study site

We sampled vegetation on 24 roadsides (plot dimension = 16 
× 4 m) along a chronosequence (6–69 year-old) in the 
Mediterranean region, north of Montpellier (43°6′N, 3°8′E), 
southern France (mean annual temperature: 14.6 ± 6.80°C; 
mean annual precipitation: 774 ± 210 mm, INRA, Agroclim, 
France). On each roadside, a plant community (1.5–3 m wide 
strip) was yearly mown (8–10 cm height) and the adjacent 
community was left unmown, hence making n = 48 plant com-
munities in total. Plots were all located on calcareous substrate 
with shallow (10–15 cm deep soil over bedrock in average) and 
silt dominated (39 ± 9%) soil. Changes in soil properties along 
the succession mainly concerned soil organic matter accumu-
lation, with significant increase in soil organic carbon (SOC; 
Erktan et al. 2018). The percentage cover of plant growth 
forms in communities changed along the successional gradi-
ent (Erktan et al. 2018), with decreasing herbaceous cover and 
increasing shrub and tree covers (p < 0.01, Erktan et al. 2018), 
while graminoid cover did not vary significantly along the 
succession (Erktan et al. 2018). Further details on plant com-
munity composition are provided in Bouchet et al. (2017), 
and the percentage cover and mycorrhizal type (taken from 
Soudzilovskaia et al. 2020) of the three main dominant plant 
species per plot are indicated in the Supporting information.

Measuring fine root diameter distribution and root 
traits

In each of the 48 plant communities, we sampled 10 soil 
cores (3 cm diameter × 10 cm depth) in mid-April 2014, 
at the peak of vegetative growth, and pooled them to obtain 
composite soil samples including a mixture of roots from 
the species co-occurring in each plant community. Shallow 
soils from Mediterranean roadsides limit root growth beyond 
10–15 cm depth, so that we assumed that most of the roots 
were located in the shallow soil layer (0–10 cm), from which 
we harvested soil samples. We removed tap roots and rhi-
zomes, and selected and washed only fine roots (diameter < 
2 mm). A subsample of fine roots (ca 700 mg fresh mass), 
representative of all the fine roots harvested in the commu-
nity, was stained in a methyl violet solution (2 min – 0.5 g 
l−1), rinsed, spread out on a transparent sheet and scanned 
on a flatbed scanner at 1200 dpi (Hummel et al. 2007). We 
analyzed the root images using an image analysis software 
(WinRhizo Pro ver. 2009c) with automatic thresholding 
option (Bouma et al. 2010), to determine the root length (L) 
within 40 root diameter classes, from 0 to 2 mm, with a 0.05 
mm increment. After scanning, roots from the subsample 

were immediately weighed to determine their fresh mass 
(FM), oven-dried at 60°C for 72 h and weighed to determine 
their dry mass (DM). The community-level specific root 
length (SRL, m g−1) calculated as the ratio between L and 
DM, and community-level root dry matter content (RDMC; 
mg g−1) calculated as the ratio between DM and FM were 
analyzed in Erktan et al. (2018). In addition, the root con-
centration in nitrogen (Root N) and carbon (Root C) were 
measured on dried (60°C for 72 h) and finely milled roots (< 
2 mm) using an elemental analyser, and were also analyzed in 
Erktan et al. (2018).

Plant community functional richness and CSR 
proportions

We gathered functional trait information from the public 
TRY database (Kattge et al. 2020, request no. 14939), for 
leaf area (LA), leaf dry matter content (LDMC), specific leaf 
area (SLA), vegetative height (VH) and seed mass (SM). We 
calculated CSR (competitive, stress-tolerant, ruderal) eco-
logical strategies of plant species by applying the method 
of Pierce et al. (2017). We calculated the functional space 
defined by SLA, VH and SM (Westoby 1998), each scaled 
to 0 mean and 1 variance. We calculated the functional rich-
ness (Fric) of each plant community in this functional space 
by means of the dbFD function of R package FD (Laliberté 
and Shipley 2012). Variations of plant community functional 
richness and in the relative proportions of competitive (C), 
stress-tolerant (S) and ruderal (R) strategies with age and 
mowing are given in the Supporting information.

Characterizing and analyzing root diameter 
distributions

We characterized the modes of root diameter distribution by 
fitting a Gaussian mixture model (mixfit function in R pack-
age mixR). The distribution was defined based on the propor-
tion of root length within each root diameter class. Because 
the distribution is bounded by 0 and globally skewed, we 
fitted a lognormal mixture model. We determined whether 
one, two or three modes could be identified, by comparing 
and testing the likelihoods of models with 1–3 modes. The 
selected model yielded NA values for the second (respec-
tively third) mode when no more than one (respectively two) 
mode(s) could be fitted. For each mode, we calculated the 
mean M, standard deviation SD and relative proportions P, 
as in Anderson et al. (2007). The parameter P quantified the 
relative proportion of the modes in the mixture model. The 
script to analyze the root diameter distribution is provided in 
the Supporting information.

Variation of root diameter distribution with 
succession and mowing

We inspected variations in root diameter distribution param-
eters along the succession and in response to mowing by 
using mixed models, with age, mowing and their interactions 
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as fixed effects, and roadside as random effect. Relationships 
between root diameter distributions parameters were tested 
using pairwise Spearman’s correlation coefficient (ρ), and 
tested with Bonferroni correction. Similarly, we tested the 
correlation between the root diameter distribution param-
eters (M, SD, P, Variance), the community-level average fine 
root traits (mean root diameter, SRL, RDMC, Root N, Root 
C), and the characteristics of the plant community (plant 
community specific and functional richness, proportions of 
growth forms and CSR strategies) and of the soil chemistry 
(CEC, pH, soil available P, soil organic C and total soil N). 
The species diversity [Simpson], percentage of grass, herbs, 
shrubs and trees, woodiness (cover of woody species) and 

the soil characteristics were taken from Erktan et al. (2018). 
All statistical analyses were conducted with R ver. 4.0.3 
(<www.r-project.org>).

Results

Variation and co-variation of the parameters of root 
diameter distributions

The root diameter distributions of plant communities were 
mainly multimodal. Out of the 48 communities, four showed 
a unimodal (Fig. 2A–B), 13 a bimodal (Fig. 2C–D) and 31 a 

Figure 2. Examples of root diameter distributions of plant communities along the successional gradient. Uni- (A, B), bi- (C, D) and multi-
modal (E, F) distributions are displayed. Black arrows indicates the different modes. Black lines indicate the fitted distribution of the model. 
Red, green and blue lines indicate the fitted distribution of the first, second and third modes, respectively.



6

trimodal (Fig. 2E–F) distribution. On average, the first mode 
represented the highest proportion of root length ( P1  = 0.8 
± 0.2), with thinner average diameter ( M1  = 0.21 ± 0.06 
mm) and narrower width ( SD1 = 0.1 ± 0.06 mm). The sec-
ond mode corresponded to larger roots ( M2  = 0.54 ± 0.21 
mm), included most of the remaining proportion of root 
length ( P2  = 0.2 ± 0.2) and was wider ( SD2  = 0.17 ± 0.07 
mm). The third mode included a much lower proportion of 
the total root length ( P3  = 0.02 ± 0.002), corresponded to 
markedly coarser roots ( M3  = 1.3 ± 0.45 mm) and was as 
wide ( SD3  = 0.15 ± 0.09 mm) as the second mode.

The parameters describing the root diameter distribution 
at the community level were poorly correlated, except for spe-
cific couples of variables. The mean value of the second mode 
(M2) was positively related to the mean value of the first (M1, 
ρ = 0.56; p = 0.004) and third mode (M3, ρ = 0.59; p = 0.02; 
Table 1). The widths of the three modes (SD1, SD2 and SD3) 
were not correlated to each other. However, the width of the 
first mode (SD1) increased together with the mean value of 
the first (M1, ρ = 0.87; p < 0.001) and of the second mode 
(M2, ρ = 0.53; p = 0.01). Similarly, the width of the second 
mode (SD2) was positively related to the mean value of the 
third mode (M3, ρ = 0.67; p = 0.002). The proportions of 
the two main modes (P1 and P2) were strongly negatively 
related (ρ = −0.99; p < 0.001). Finally, the overall variance 
of the root diameter distribution was positively related to the 
mean value of the third mode (M3, ρ = 0.57; p = 0.04) and to 
the proportion of the second mode (P2, ρ = 0.48; p = 0.04).

Influence of ecological succession and mowing on 
root diameter distributions

Along the succession, the mean root diameter of the first 
root mode (M1) increased significantly (p = 0.01), and root 
diameters within this mode showed more variability (increas-
ing SD1; p = 0.007) (Fig. 3, Supporting information). 

Conversely, the mean root diameter in the two coarser modes 
(M2 and M3) remained unchanged, while the width of the 
third mode (SD3) increased along the succession (p = 0.01). 
The proportion of the first mode (P1) decreased (p = 0.03), 
whereas the proportion of second mode (P2) increased 
(p = 0.002), and the proportion of third mode (P3) remained 
low and unchanged (Fig. 3, Supporting information). The 
overall variance of the root diameter distribution significantly 
increased along the succession (p = 0.001). Mowing did not 
significantly affect any of the parameters of the root diameter 
distribution (Fig. 3, Supporting information).

We analyzed pairwise correlations between the distribu-
tion parameters, the community-level average root traits 
and the plant community and soil characteristics, in order 
to assess how the variations in parameters of root diam-
eter distribution could relate to vegetation composition 
and other ecological properties at community level (Table 
2). Overall, the first mode was not related to community 
characteristics (proportion of plant growth forms, CSR 
strategies and plant functional richness) but was related 
to morphological root traits. Specifically, the mean of the 
first mode (M1) increased with the mean root diameter of 
the plant community (ρ = 0.45, p = 0.001) and decreased 
with the specific root length (SRL; ρ = −0.41, p = 0.04). 
The width of the first mode (SD1) was positively corre-
lated with the root dry matter content (RDMC; ρ = 0.44, 
p = 0.02). The second mode, in particular its proportion 
(P2), was mainly related to the percentage of woody spe-
cies (ρ = 0.53; p = 0.002), including shrubs (ρ = 0.50; 
p = 0.005) and trees (ρ = 0.51; p = 0.004). We also found 
that P2 was positively related to the plant functional rich-
ness (ρ = 0.44; p = 0.03) and the proportion of stress tol-
erant species (ρ = 0.48, p = 0.01). Conversely, P2 was 
negatively related to the SRL (ρ = −0.55, p = 0.001) and 
the proportion of ruderal species (ρ = −0.55, p = 0.001). 
The width of the second mode (SD2) was positively related 

Table 1. Spearman correlation (ρ) matrix among root distribution parameters (n = 48). Displayed are Bonferroni adjusted p-values. Bold 
characters indicate significant correlations.

M2 M3 SD1 SD2 SD3 P1 P2 P3 Variance

M1 0.56
p = 0.004

0.42
p = 0.92

0.87
p < 0.001

0.05
p = 1.00

−0.16
p = 1.00

0.35
p = 0.62

−0.29
p = 1.00

0.02
p = 1.00

0.32
p = 1.00

M2 0.59
p = 0.02

0.53
p = 0.01

0.38
p = 0.54

0.02
p = 1.00

0.42
p = 0.20

−0.41
p = 0.28

−0.22
p = 1.00

0.38
p = 0.52

M3 0.38
p = 1.00

0.67
p = 0.002

−0.18
p = 1.00

−0.03
p = 1.00

0.07
p = 1.00

−0.21
p = 1.00

0.57
p = 0.04

SD1 0.02
p = 1.00

−0.10
p = 1.00

0.40
p = 0.20

−0.26
p = 1.00

0.02
p = 1.00

0.32
p = 1.00

SD2 −0.26
p = 1.00

−0.29
p = 1.00

0.34
p = 1.00

−0.06
p = 1.00

0.47
p = 0.07

SD3 0.06
p = 1.00

−0.11
p = 1.00

0.52
p = 0.10

0.21
p = 1.00

P1 −0.99
p < 0.001

−0.56
p = 0.06

−0.33
p = 0.88

P2 0.48
p = 0.29

0.48
p = 0.04

P3 0.47
p = 0.34
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to the plant community functional richness (ρ = 0.43, 
p = 0.03), and negatively related to the SRL of the entire 
plant community (ρ = −0.42, p = 0.04). The mean value of 
the third mode (M3) was positively related to root C con-
centration (ρ = 0.59, p = 0.005) and negatively associated 
with the SRL (ρ = −0.58, p = 0.007).

The variance of the root diameter distribution was 
strongly related to several community-level average root trait 
values and plant community characteristics. In particular, 
the variance of the root diameter distribution was positively 
correlated to the mean root diameter (ρ = 0.72, p < 0.001), 
the RDMC (ρ = 0.60, p < 0.001), the root C (ρ = 0.70, p 
< 0.001), and the proportion of shrubs (ρ = 0.41, p = 0.04), 
trees (ρ = 0.63, p < 0.001) and woody species (ρ = 0.57, 
p < 0.001). Furthermore, it was positively related to the 
functional richness of the plant communities (ρ = 0.54, 
p = 0.001), and to the proportions of competitive (ρ = 0.55, 
p < 0.001) and stress-tolerant species (ρ = 0.44, p = 0.02). 
On the contrary, the variance of the root diameter distri-
bution was negatively related to the SRL (ρ = −0.93, p < 
0.001) and to a lesser extent to the proportion of ruderal 
species (ρ = −0.44, p = 0.02) and species diversity (Simpson, 
ρ = −0.42, p = 0.03).

The parameters describing the root diameter distribution 
and the soil characteristics were poorly related. Neither the 
CEC, nor the soil P related to any of the root distribution 
parameters. Only the concentration in soil organic C and in 
total N were positively related to the proportion of the sec-
ond mode (P2, ρ = 0.48, p = 0.01 and ρ = 0.49, p = 0.007, 
respectively) and to the overall variance of the distribution 
(ρ = 0.57, p < 0.001 and ρ = 0.55, p < 0.001, respectively). 
In addition, the soil pH was negatively associated with the 
variance of the distribution (ρ = −0.55, p < 0.001).

Discussion

Ecological meaning of the modes in root diameter 
distribution at the plant community level

Most communities showed a multimodal distribution of 
root diameters, with two main modes, and a third mode 
with much lower importance. The multimodularity of the 
root distribution could result from the intraspecific varia-
tion of root diameter within a fine root branching hierarchy 
(Lecompte et al. 2005), and from the interspecific variation of 
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root diameter for both absorptive and transport roots (Fig. 1, 
McCormack et al. 2015). The fact that we observe modes at 
the community level indicate that the combination of root 
morphologies from different species maintain that some 
root diameter values are found in higher frequencies than 
others, otherwise a random distribution would have been 
observed. From a methodological point of view, the multi-
modal distribution of root diameters questions the wide 
use of community-level average root traits (Holdaway et al. 
2011, Roumet et al. 2016, Bergmann et al. 2020), notably 
the mean root diameter.

The shape of the modes provides complementary insights 
on the different root types within the pool of fine roots < 2 
mm. The first mode could reflect the properties of the most 
absorptive roots at community level, as this mode represented 
most of the root length ( P1  = 0.8 ± 0.2) and the thinnest 
roots ( M1 = 0.21 ± 0.06 mm), which are usually at more 
distal root ends and ensure the absorption of water and nutri-
ents (McCormack et al. 2015). Investigating the relationship 
between distribution parameters and community-level roots 
trait values showed that M1 was unrelated to the proportions 
of plant growth forms and the CSR strategies, suggesting 

Table 2. Spearman correlation (ρ) matrix between root distribution parameters, average root traits and plant community and soil character-
istics (n = 48). Displayed are Bonferroni adjusted p-values. Bold characters indicate significant correlations. MRD: mean root diameter (plant 
community level); Plant Fric: plant functional richness; % C: percentage of competitive species; % S: percentage of stress-tolerant species; 
% R: percentage of ruderal species; CEC: cation exchange capacity. 

Fine root diameter distribution parameters
M1 SD1 P1 M2 SD2 P2 M3 SD3 P3 Variance

Community level average root traits
 MRD 0.45

p = 0.001
0.36

p = 0.1
−0.25
p = 0.9

0.35
p = 0.20

0.32
p = 0.3

0.37
p = 0.1

0.39
p = 0.3

0.02
p = 1.00

0.43
p = 0.2

0.72
p < 0.001

 SRL −0.41
p = 0.04

−0.40
p = 0.05

0.38
p = 0.08

−0.33
p = 0.30

−0.42
p = 0.04

−0.55
p = 0.001

−0.58
p = 0.007

−0.09
p = 1.00

−0.46
p = 0.10

−0.93
p < 0.001

 RDMC 0.32
p = 0.30

0.44
p = 0.02

−0.09
P = 1.00

0.24
p = 1.00

0.27
p = 0.72

0.26
p = 0.84

0.44
p = 0.15

0.19
p = 1.00

0.18
p = 1.00

0.60
p < 0.001

 Root N −0.25
p = 0.80

−0.29
p = 0.41

0.14
p = 1.00

−0.19
p = 1.00

0.05
p = 1.00

−0.12
p = 1.00

−0.02
p = 1.00

0.14
p = 1.00

−0.10
p = 1.00

−0.16
p = 1.00

 Root C 0.31
p = 0.40

0.31
p = 0.33

−0.28
p = 0.50

0.22
p = 1.00

0.37
p = 0.13

0.38
p = 0.10

0.59
p = 0.005

0.19
p = 1.00

0.28
p = 1.00

0.70
p < 0.001

Plant community characteristics
 Simpson −0.23

p = 1.00
−0.31

p = 0.34
0.02

p = 1.00
−0.017
p = 1.00

0.11
p = 1.00

−0.20
p = 1.00

−0.13
p = 1.00

−0.34
p = 0.63

−0.42
p = 0.20

−0.42
p = 0.03

 Grass (%) −0.08
p = 1.00

−0.14
p = 1.00

0.001
p = 1.00

0.22
p = 1.00

0.04
p = 1.00

−0.07
p = 1.00

−0.06
p = 1.00

−0.08
p = 1.00

−0.14
p = 1.00

−0.08
p = 1.00

 Herbs (%) −0.15
p = 1.00

−0.17
p = 1.00

0.20
p = 1.00

0.05
p = 1.00

−0.06
p = 1.00

−0.35
p = 0.21

−0.15
p = 1.00

0.019
p = 1.00

−0.24
p = 1.00

−0.40
p = 0.04

 Shrubs (%) 0.17
p = 1.00

0.15
p = 1.00

−0.36
p = 0.12

0.002
 p = 1.00

0.31
p = 0.42

0.50
p = 0.005

0.23
p = 1.00

−0.09
p = 1.00

0.19
p = 1.00

0.41
p = 0.04

 Trees (%) 0.11
p = 1.00

0.14
p = 1.00

−0.30
p = 0.39

−0.02
p = 1.00

0.44
p = 0.02

0.51
p = 0.004

0.43
p = 0.15

0.14
p = 1.00

0.31
p = 0.93

0.63
p < 0.001

 Woodiness (%) 0.20
p = 1.00

0.21
p = 1.00

−0.33
p = 0.22

−0.10
p = 1.00

0.28
p = 0.61

0.53
p = 0.002

0.33
p = 0.70

−0.02
p = 1.00

0.27
p = 1.00

0.57
p < 0.001

 Plant Fric 0.26
p = 0.71

0.30
p = 0.38

−0.31
p = 0.30

0.13
p = 1.00

0.43
p = 0.03

0.44
p = 0.03

0.42
p = 0.19

−0.14
p = 1.00

0.16
p = 1.00

0.54
p = 0.001

 % C 0.04
p = 1.00

0.11
p = 1.00

−0.08
p = 1.00

0.27
p = 0.71

0.16
p = 1.00

0.23
p = 1.00

0.18
p = 1.00

0.24
p = 1.00

0.22
p = 1.00

0.55
p < 0.001

 % S 0.26
p = 0.71

0.25
p = 0.81 

−0.27
p = 0.62 

0.07
p = 1.00

0.37
p = 0.14 

0.48
p = 0.01 

0.23
p = 1.00 

0.12
p = 1.00 

0.37
p = 0.38 

0.44
p = 0.02 

 % R −0.25
p = 0.81

−0.29
p = 0.45

0.34
p = 0.17

0.09
p = 1.00

−0.35
p = 0.21

−0.55
p = 0.001

−0.33
p = 0.74

0.22
p = 1.00

−0.08
p = 1.00

−0.44
p = 0.02

Soil characteristics
 Soil CEC −0.16

p = 1.00
−0.04

p = 1.00
−0.12

p = 1.00
0.06

p = 1.00
0.09

p = 1.00
0.18

p = 1.00
0.10

p = 1.00
0.01

p = 1.00
0.02

p = 1.00
0.19

p = 1.00
 Soil pH −0.06

p = 1.00
−0.05

p = 1.00
0.27

p = 0.58
−0.03

p = 1.00
−0.19

p = 1.00
−0.4

p = 0.02
−0.2

p = 1.00
0.06

p = 1.00
−0.23

p = 1.00
−0.55

p < 0.001
 Soil P (Olsen) −0.16

p = 1.00
−0.12

p = 1.00
0.08

p = 1.00
−0.10

p = 1.00
−0.18

p = 1.00
−0.11

p = 1.00
−0.03

p = 1.00
−0.17

p = 1.00
−0.01

p = 1.00
−0.11

p = 1.00
 Soil C org 0.09

p = 1.00
0.14

p = 1.00
−0.30

p = 0.37
0.04

p = 1.00
0.31

p = 0.42
0.48

p = 0.01
0.24

p = 1.00
−0.07

p = 1.00
0.23

p = 1.00
0.57

p < 0.001
 Soil N (total) 0.03

p = 1.00
−0.34

p = 0.20
−0.06

p = 1.00
0.20

p = 1.00
0.49

p = 0.007
0.21

p = 1.00
0.06

p = 1.00
0.32

p = 0.78
0.55

p < 0.001
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that the first mode represents absorptive roots of a mixture of 
coexisting plant species.

The second mode included larger-diameter roots 
( M2  = 0.54 ± 0.21 mm), which could belong to woody 
species as suggested by the positive relation between the pro-
portion of woody species, namely shrubs and trees and P2 
(Table 2). A large part of the roots of the second mode could 
be transport roots, as they are generally thicker and typical 
of the dichotomous woody root systems (McCormack et al. 
2015). Specifically, a study on 65 tree species pointed that 
the mean diameter of the first-order root ranged from 
0.25 to 0.38 mm (Chen et al. 2013), thereby below M2
. Similarly, in two recent meta-analyses, the mean diam-
eter of first order root from woody species were 0.28 mm 
(Wang et al. 2018) and 0.30 mm (visual estimation from the 
graph provided in Ma et al. 2018), respectively. In the same 
vein, a rapid investigation of the average diameter of fine 
roots from the dominant shrub and tree species of our case 
study (14 species found) in the root trait database GRooT 
(Guerrero-Ramirez et al. 2020) showed that they were on 
average finer (0.44 mm) than M2 . Only the highest values 
(0.55 mm) corresponding to Quercus ilex were close to M2
. Altogether, these arguments suggest that the second root 
mode is mainly composed by transport roots from woody 
species, whereas woody absorptive roots are mostly included 
in the first mode.

The third mode represented a far smaller proportion of 
root length ( P3  = 0.02 ± 0.002) and concerned much coarser 
roots ( M3  = 1.3 ± 0.45 mm), although present in many 
communities (31 over 48). The positive relationship between 
M3  and the total root C suggests that the roots contribut-
ing to this mode present a higher proportion of structural 
tissues. As a consequence, the third root mode presumably 
represents large transport roots. The 2 mm diameter cut-off 
used for the initial root sorting (as often used in root ecol-
ogy, McCormack et al. 2015) did not allow to consider the 
entire root diameter distribution. As a consequence, coarser 
transport roots could be omitted. Further investigation of a 
wider root diameter distribution beyond the 2 mm cut-off 
should allow better capturing the contribution of these roots. 
To sum up, our results support that morphological differ-
entiation of modes in root diameter distribution can reflect 
functional differences among absorptive and transport roots 
at the community level.

Variations along the succession and in response to 
mowing

The overall variance of the root diameter distribution 
increased along the succession, reflecting an increase in root 
morphological diversity. The positive relationship between 
this variance and the plant functional richness (based on 
above-ground traits), but not with plant species diversity, 
suggests that the variance of the root diameter distribution 
is related to global functional variation within communities. 
Moreover, the variance of the root distribution was positively 
related to the proportion of competitive and stress-tolerant 

species and negatively to the proportion of ruderal species, 
suggesting that the coexistence of the latter strategies in 
the older sites involved greater functional complementarity 
between root types and strategies, while dynamic explorative 
strategies displayed by ruderal plants could predominate in 
early succession.

The variation of mode parameter values along the succes-
sion reflected the influence of successional dynamics on root 
morphological diversity. The diameter of the first root mode 
(M1) increased in later succession, which suggested a shift in 
soil resource exploration strategy. Thinner roots have indeed 
an inherently greater capacity to encountered soil resources 
based on higher surface area per unit of mass, and have a 
high root turnover (McCormack et al. 2012); they thus 
have a high dynamic explorative strategy in the early suc-
cessional sites. In later successional stages, the thicker roots 
are traditionally assumed to have a more conservative strat-
egy because they are long-lived (Tjoelker et al. 2005, Reich 
2014, Weemstra et al. 2016). Recent studies demonstrated 
that thick roots are also associated with a strong potential to 
host mycorrhizal partners and thus could explore soil very 
efficiently via their hyphae network (outsourcing strategy) 
(McCormack and Iversen 2019, Bergmann et al. 2020). This 
is consistent with previous studies showing that mycorrhizal 
colonization increased with successional age (Hartnett and 
Wilson 1999, Rasmann et al. 2011, Tedersoo et al. 2020). In 
addition, the first mode showed a broader range of root diam-
eters (SD1) as succession proceeded, suggesting a coexistence 
of more diverse root absorptive strategies in later succession, 
including thin roots with highly dynamic explorative strategy, 
mainly from remaining grass and herbs, and an increasing 
proportion of absorptive thicker roots with more conserva-
tive and/or outsourcing strategy, from woody species. Finally, 
the relative proportion of root length in the first mode (P1) 
significantly decreased with age, but still remained important 
in late succession (Fig. 3), suggesting that absorptive roots 
remained abundant in communities (in terms of proportion 
in root length) throughout the succession. Remarkably, the 
decrease in P1 was not related to the reduced abundance of 
grass and herb species along the succession (Table 2), which 
reflect that the absorptive roots in the first mode did not only 
belong to ruderal species.

The relative proportion of the second mode (P2) changed 
and increased along the succession, at the expense of P1. 
Higher P2 value suggested a higher proportion of transport 
roots in later succession, which was associated to a higher 
proportion of woody species (Erktan et al. 2018) and stress-
tolerant species (Table 2, Supporting information). In addi-
tion, although SD2 did not vary along the succession, its 
positive relationship with plant community functional rich-
ness could reflect the coexistence of transport roots with con-
trasting dimensions, plausibly belonging to different plant 
CSR strategies.

Only the width of the third mode (SD3) increased along 
the succession. This increase was related neither to any plant 
community and soil characteristics, nor to community level 
average root traits. The increase in SD3 with age could reflect 
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greater contribution of older and longer-lived plant individu-
als in late succession, with larger-diameter transport roots, 
but which could still co-exist with younger and shorter-lived 
individuals with lower-diameter transport roots.

Although the parameters of the root diameter distribution 
strongly varied along the succession, they did not in response 
to mowing. This result did not confirm our hypothesis but 
is consistent with a globally low influence of mowing on 
community-level average root traits, notably due to the low 
mowing pressure that allow short-statured woody species to 
persist (Erktan et al. 2018).

Overall, inspecting the root diameter distributions of fine 
roots < 2 mm provided insights into the shifts and co-exis-
tence of root types and strategies for soil resources explora-
tion, while community-level root trait analyses usually focus 
on the shifts in average root traits (Holdaway et al. 2011, 
Erktan et al. 2018, Caplan et al. 2019).

Root diameter distribution as an integrative measure 
of root morphological diversity at community level

Inspecting the root diameter distribution provides a low-cost 
and time-efficient way to assess root morphological diversity 
at the community level, which is one facet of root functional 
diversity. The parameters describing the shape of the distri-
bution were little related to each other, supporting that they 
could reflect different and complementary facets of root mor-
phological diversity. Nonetheless, a wider SD2 was related to 
a coarser third mode (greater M3), and the shifts of M1 and 
M2 were associated with shifts of the following modes M2 
and M3, respectively. These relations could reflect concomi-
tant changes in the diameter of absorptive and transport roots 
along the succession. While the variance of the entire root 
distribution covaried with the mean root diameter and SRL 
(average root traits) along the succession, the mode-specific 
parameters were broadly independent from average root traits 
and thus provided non-redundant information.

To analyze more finely variations in root diameter distribu-
tion in relation to root strategies for resource use and explo-
ration, one may separate manually absorptive and transport 
roots before scanning as it is now generally recommended 
for root ecology studies (Freschet et al. 2021b), and analyze 
separately their root diameter distribution. In addition, root 
morphological diversity is only one facet of root functional 
diversity and there is an urgent need in further studies to 
be better accounted for root physiological traits (for exam-
ple nutrient and water uptake capacity, mycorrhizal colo-
nization, exudation) that determine root ability to acquire 
nutrients. In addition, phylogeny is increasingly recognized 
as an important determinant of root morphology (Valverde-
Barrantes et al. 2017) and should be further considered to 
assess root functional diversity.

Another way to assess root functional diversity at the com-
munity level is to use root trait databases combined with 
plant community composition. To do so, one needs to iden-
tify plant species aboveground, then measure or take their 
average root traits values in databases (Iversen et al. 2017, 

Guerrero-Ramirez et al. 2020), and finally weight them using 
their relative abundance aboveground (Holdaway et al. 2011, 
Kramer-Walter et al. 2016, Caplan et al. 2019). With this 
approach, average root traits and functional diversity indices 
(variance, skewness and kurtosis) can be calculated. However, 
there are some disadvantages. First, root trait databases are still 
in their infancy, and data of many species and ‘hard traits’, nota-
bly related to root physiology, are still not available. For exam-
ple, in the GRooT database (Guerrero-Ramirez et al. 2020) 
the root diameter was available only for 26 species among the 
57 most abundant species found along the successional gradi-
ent. Second, this approach fails to account for local intraspe-
cific variability. Third, it assumes that the abundance of species 
aboveground is a proxy of the belowground contribution of 
species in terms of root length, which is a debatable assump-
tion since the root mass fraction strongly differ among species 
(Poorter et al. 2012, 2015, Ottaviani et al. 2020) and with 
environmental conditions (Poorter et al. 2012). Conversely, 
the root diameter distribution in soil cores bypasses the extrap-
olation of aboveground abundance to the belowground parts 
of the plants. Moreover, the root diameter distribution in soil 
cores synthesizes the functional variation within the commu-
nity beyond the inter- and intraspecific sources of variation. 
It encompasses all species found in the soil core and does not 
require assigning each piece of roots to specific species.

Conclusion

We demonstrated that the fine-root diameter distribution 
synthesizes fine-root morphological diversity at a community 
level, and that the shape of its modes reveals distinctive root 
types and strategies for resource use and exploration. Most 
communities showed a multimodal distribution, with two 
main modes corresponding to absorptive roots (thinner root 
mode) and transport roots (coarser root mode). As succes-
sion proceeds, the relative proportion of absorptive roots (P1) 
decreased while those of transport roots (P2) increased mainly 
due to an increased proportion of woody species. Within 
absorptive roots, the average diameter value (M1) shifted from 
thinner absorptive roots allowing more explorative strategy in 
earlier succession, to thicker absorptive roots allowing a more 
conservative and/or outsourcing strategy in late successional 
stages. Considering the fine-root diameter distribution at the 
community level provides a low-cost and easy-implementable 
way to capture morphological diversity and complements the 
analysis of community average root trait values. As a conse-
quence, it appears as an efficient starting point to study root 
morphological diversity at the community level, and would 
need to be further associated to root physiology and phylog-
eny to fully capture root functional diversity.
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